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Abstract – In this paper, the axial compression buckling problem of castellated columns 
about major axis when exposed to a fire is investigated. An analytical formula for calculating 
the critical buckling load of castellated columns is derived, which considers not only the 
shear effect of web openings but also the non-uniform cross-section temperature distribution 
due to non-symmetric fire exposure. The results show that, for the same average temperature, 
the critical buckling load of a castellated column with non-uniform temperature distribution is 
smaller than that of a castellated column with uniform temperature distribution. The web 
shear effect caused due to web openings can significantly reduce the critical buckling load of 
the castellated column, particularly for the columns with shorter lengths or wider flanges. 
However, the change of the shear effect on the critical load with different temperature 
distributions is very small and can be generally ignored.     
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1. Introduction 
 
Castellated beams and columns have been widely used in buildings to support roof and floor 
loading.1,2 A castellated beam or column is fabricated from a standard universal beam or 
column by cutting the web on a half hexagonal line down the centre of the beam. The two 
halves are moved across by a half unit of spacing and then re-joined by welding. The main 
benefit of using the castellated beam or column is to increase its flexural capacity and 
buckling resistance about its major axis. However, because of the openings in the web, the 
castellated beam and column have weak shear rigidity which can affect their bending and 
buckling behaviour.  
 
There are numerous research works on castellated beams in literature, particularly on the 
lateral-torsional buckling,3-7 distortional buckling,8 failure caused by buckling mode 
interactions,9 and ultimate load carrying capacity.10-13 In contrast, there are limited studies on 
castellated columns. El-Sawy et al.14 investigated the influence of shear deformations due to 
web openings on the buckling capacity of castellated columns when they buckle about the 
cross-section major axis. By using the finite element analysis method they evaluated the 
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equivalent slenderness ratio of castellated columns for the practical range of geometric 
dimensions and boundary conditions to characterize the compressive response of such 
columns. Yuan et al.15 developed an analytical formula for calculating the critical buckling 
load of castellated columns when subjected to an axially compressed load, which includes the 
shear effect of web openings. Their study showed that the inclusion of web shear 
deformations significantly reduces the buckling resistance of castellated columns. Neglecting 
the web shear deformations could overestimate the critical buckling load by up to 25%, even 
if a reduced second moment of area is used.  
 
Fire safety of structures used in buildings is a key issue in building design. The performance 
of castellated beams under fire conditions is investigated only recently. Wang et al.16 
investigated the large deflection and its corresponding catenary action behaviour of restrained 
castellated beams in fire by using the finite element method. Ellobody and Young17 
developed a three-dimensional nonlinear finite element analysis model and discussed the 
nonlinear analysis and design of unprotected composite castellated and noncastellated steel 
beams with profiled steel sheeting at elevated temperatures. Their results showed that, the 
strength of steel beam has a considerable effect on the behaviour and failure modes of the 
composite beams which could change the failure mode of the composite beams in fire, and 
the fire resistances of the unprotected composite castellated and noncastellated steel beams 
could be below 30 min when heated using the standard fire curve. It is well-known that not 
only the strength but also the Young’s modulus of materials will reduce at elevated 
temperatures. The former will reduce the ultimate load carrying capacity of the structural 
members, while the latter will affect the stiffness of structural members and thus reduce the 
buckling resistance of the members. In this paper, the axial compression buckling problem of 
castellated columns about major axis when exposed to a fire is investigated. An analytical 
formula for calculating the critical buckling load of castellated columns is derived, which 
considers not only the shear effect of web openings but also the non-uniform cross-section 
temperature distribution due to non-symmetric fire exposure. 
 
 
2. Pre-buckling analysis of castellated columns exposed to a fire 
 
Consider a castellated column that is used in the external wall, in which the column can be 
bent about its major axis but is restrained in its lateral direction. When there is a fire in the 
inside of the building the castellated column is exposed to a fire on its one side. During the 
fire the heat will be transferred from the fire into the column, which causes the column to 
have a non-uniform temperature distribution on its cross-section. Consequently, the material 
properties which depend on the temperature will also not be uniform in the cross-section. 
Using the assumption of small displacements, the following equilibrium equation for the 
axial force can be established, 
 
  PdATE
A
           (1) 
where E is the Young’s modulus,  is the axial strain,  is the thermal coefficient of 
expansion, ∆T is the increase of temperature, A is the cross-section area, and P is the axially 
compressive load. For the convenience of calculation, the cross-section of the castellated 
column is now decomposed into two tee-sections and one mid-part of the web (see Fig. 1). 
Because of the discontinuity of the mid-part of the web, the compressive load is assumed to 
be taken only by the two tee sections, that is, 
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where A1 and A2 are the areas of the two tee sections. Since the heat is transferred from one 
flange to another through the web it is reasonable to assume that the temperature is uniformly 
distributed in each tee section although the two tee sections may have different temperatures 
at the same time.18 Assume that the compressive load is applied using a displacement 
controlled method. Then, Eq.(2) can be simplified as follows, 
 
    PTAETAE  222111         (3) 
where E1 and E2 are the Young’s moduli of the two tee sections, ∆T1 and ∆T2 are the 
increases of temperatures in the two tee sections, respectively. Solve for the axial strain from 
Eq.(3), yielding, 
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The equivalent compressive loads in the two tee sections in the pre-buckling stage thus can 
be expressed as follows,  
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where P1 and P2 are the equivalent axially compressive loads applied at the centroids of the 
two tee sections, respectively. It is obvious that if ∆T1 = ∆T2, then E1A1 = E2A2 and P1 = P2 = 
P/2, in which case the buckling of the castellated column can be dealt using the Euler 
buckling method.15 However, when ∆T1 ≠ ∆T2, P1 ≠ P2 and in this case the castellated column 
is subjected to a combined action of compression and bending and its buckling is different 
from the traditional Euler buckling of columns at ambient temperature.  
 
 
3. Buckling analysis of castellated columns exposed to a fire 
 
The heated castellated column under the action of an axial compression load may buckle. In 
order to analyse the buckling of the castellated column under the combined action of 
compression and bending, the bending theory of sandwich beams19-21 is used herein, in which 
the two tee sections are assumed to deform according to Bernoulli's hypothesis and the mid-
part of the web behaves as a shear wall to take shear force only. Let (u1, w) and (u2, w) be the 
axial and transverse components of the buckling displacements at the centroid points of the 
two tee sections (see Fig.2), the strain energy of the two tee sections due to the buckling of 
the column can be expressed as follows,15,22-26 
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where I1 and I2 are the second moments of areas of the two tee sections about their own 
centroid axes, and l is the length of the column. The average shear strain of the mid-part of 
the web is expressed as follows, 
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where a is the half depth of hexagons, and e is the half of the distance between the centroids 
of the two tee sections. The shear strain energy of the mid-part of the web thus is expressed 
as follows,15 
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where tw is the web thickness, G is the shear modulus, and  is the Passion’s ratio. The 
calculation of the shear strain energy used by Eq.(10) has been proved to be appropriate in 
the buckling and vibration analyses of castellated beams.15,25,26 The potential changes of the 
equivalent loads in the two tee sections due to the axial and transverse components of the 
buckling displacements can be expressed as follows, 
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Assume that the displacement components of the column when it buckles can be described as 
follows, 
l
x
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where C1, C2 and C3 are the constants to be determined. It is obvious that the displacement 
functions assumed in Eqs.(13)-(15) satisfy the simply support boundary conditions, that is v = 
dv2/dx2 = 0, and du1/dx = du2/dx = 0 at x = 0 and x = l. The condition when the buckling 
occurs is that the total potential of the system has a stationary condition with respect to the 
constants C1, C2 and C3, that is,  
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Substituting Eqs. (13)-(15) into (7)-(12) and then into (16)-(18), it yields 
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where U = U1 + U2 + U3 and W = W1 + W2. Eq. (19) is an eigenvalue equation from which the 
critical buckling load Pcr can be obtained, which is expressed as follows, 
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Note that for castellated columns, A1= A2 = Atee and I1= I2 = Itee. Thus, Eq.(32) can be further 
simplified as follows, 
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Eq.(33) gives the critical buckling load of the castellated column when its one side is exposed 
to a fire. The influence of the fire on the column buckling is taken into account by the 
material properties, i.e., the reduction of Young’s modulus. It is obvious that if E1= E2 = Eo 
where Eo is the Young’s modulus at ambient temperature, then Eq.(32) reduces to that 
derived by Yuan et al.15 Similarly to Yuan et al. formula, the second term in the denumerator 
of Eq.(33) represents the effect of web shear rigidity on the flexural buckling of the column. 
If that term is ignored, which corresponds to the case where the web shear rigidity is much 
greater than the flexural rigidity of the column, then Eq.(33) can be simplified as follows: 
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Eq.(34) shows the influence of non-uniform material properties caused by the non-uniform 
temperature on the critical buckling load of the castellated column when the shear effect is 
ignored. 
 
 
4. Examples 
 
As examples, two castellated columns, one of which has narrow flanges, the other of which 
has wide flanges, are considered herein. The half of the distance between the centroids of the 
two tee sections, the area and the second moment of area of the tee section are calculated as 
follows,     
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Table 1 gives the dimensions and corresponding sectional properties of the two castellated 
columns discussed herein. The critical buckling loads of the two castellated columns are 
calculated for three fire scenarios for which the temperatures and material properties are 
described in Table 2, respectively.  
 
Fig. 3 shows the variation of the dimensionless critical buckling load, Pcr,T/Pcr,20, with the 
column length, in which Pcr,T is calculated using Eq.(33) with the temperatures defined in 
Table 2, whereas Pcr,20 is calculated using Eq.(33) but using ambient temperature. Thus, the 
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plotted result reflects the influence of temperature on the buckling of the column in different 
fire scenarios. It can be seen from the figure that, although the average temperatures in the 
three discussed cases are identical, the critical buckling loads of them are different. That is, 
the larger difference in temperatures between the two tee sections leads to more reduction in 
the critical buckling load. The worst case is the case one in which the two tee sections have 
the largest temperature difference. In contrast, in the case three the two tee sections have 
closer temperatures and thus the reduction of the critical buckling load is almost the same as 
the reduction of the young’s modulus. Comparing the results shown in Fig.3a for the narrow 
flange column and Fig.3b for the wide flange column, one can see that the influence of the 
flange width on the dimensionless critical buckling load, Pcr,T/Pcr,20, occurs only in the short 
column with larger temperature difference between its two tee sections. 
 
Fig. 4 shows the variation of the dimensionless critical buckling load, Pcr,T/Pcro,T, with the 
column length, in which Pcr,T is calculated using Eq.(33) with the temperatures defined in 
Table 2, whereas Pcro,T is calculated using Eq.(34) also with temperatures defined in Table 2.  
Thus, the plotted result reflects the influence of web shear deformation on the buckling of the 
column in different fire scenarios. It can be seen from the figure that the web shear 
deformation has important influence on the critical buckling load, particularly for the 
columns with short length for which the critical load can reduce significantly. Also it can be 
seen from the figure that, the shear effects on the critical load in three different fire scenarios 
are very close, indicating that the shear effect on the critical load does not much depend on 
the temperature profile. Comparing the results shown in Fig.4a for the narrow flange column 
and Fig.4b for the wide flange column, one can see that the wider the flanges in the column, 
the more reduction in the critical buckling load.   
 
 
5. Conclusions 
 
This paper has presented an analytical solution for analysing the axial compression buckling 
of castellated columns exposed to elevated temperatures. The analysis is based on the 
Rayleigh-Ritz method with the total potential energy functional for the flanges and web by 
taking into account the influence of web shear deformations. The effect of elevated 
temperatures on the buckling of columns is considered by using temperature-dependent 
material properties. From the obtained results the following conclusions can be drawn: 
 
(1) For the same average temperature, the critical buckling load of a castellated column 
with non-uniform temperature distribution will be smaller than that of a castellated 
column with uniform temperature distribution. The larger difference in temperatures 
between the two tee sections leads to more reduction in the critical buckling load. 
 
(2) The shear effect caused due to web openings can significantly reduce the critical 
buckling load of the castellated column, particularly for the columns with shorter 
lengths or wider flanges. The change of the shear effect on the critical load with 
varying temperature distribution is very small and can be generally ignored. 
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Table 1 Dimensions and properties of two castellated columns 
 
Parameter Narrow section Wide section 
Web depth, hw 300 mm 300 mm 
Web thickness, tw 8 mm 8 mm 
Flange width, bf 150 mm 250 mm 
Flange thickness, tw  10 mm 10 mm 
Half depth of hexagons, a 100 mm 100 mm 
Half distance between centroids of tee sections, e 149 mm 151 mm 
Length of unit, 6a/√3 346 mm 346 mm 
Area of tee section, Atee 1900 mm
2 2900 mm2 
Second moment of area of tee section, Itee 380040 mm
4 414510 mm4 
 
 
 
 
Table 2 Temperatures and Young’s modulus in two tee sections (Eo is the Young’s modulus 
at ambient temperature)  
 
Parameter Case 1 Case 2 Case 3 
Temperature, T1 550 
oC 450 oC 350 oC 
Temperature, T2 100 
oC 200 oC 300 oC 
Young’s modulus, E1 0.5Eo 0.6Eo 0.7Eo 
Young’s modulus, E2 Eo 0.9Eo 0.8Eo 
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Fig. 1. Notations used in castellated column. 
 
 
 
 
 
 
 
 
Fig. 2. Definition of temperature, Young’s modulus and displacement component in the cross-
section. 
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(a) 
 
(b) 
 
Fig.3 Variation of critical buckling load with column length. Pcr,T is calculated using Eq.(33) 
with temperatures defined in Table 2, whereas Pcr,20 is calculated using Eq.(33) but with 
ambient temperature. (a) Column with narrow flanges (bf = 150 mm) and (b) column with 
wide flanges (bf = 250 mm). 
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(a) 
 
(b) 
 
Fig.4 Variation of critical buckling load with column length. Pcr,T and Pcro,T  are calculated 
using Eq.(33) and Eq.(34), both with temperatures defined in Table 2. (a) Column with 
narrow flanges (bf = 150 mm) and (b) column with wide flanges (bf = 250 mm). 
 
